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ABSTRACT: Using the failure to exclude trypan blue as a crite- 
rion for cell death, we found that veratrldine, the voltage-de- 
p^dent Na*^ channel activator, exerted Its toxicity to cultured 
sympathetic neurons in a dose-dependent manner (half-maxi- 
mal toxicity occurred at 2 ^M). The co-presence of tetrodotoxin 
completely reversed the toxicity only at concentrations of ve- 
iratridine <20/iM. Veratridine neurotoxicity was due to the influx 
of Na**^; a medium low In Na'*' (36 mM) completely abolished its 
neurotoxicity, whereas a Ca'^^-free medium did not attenuate 
its neurotoxicity. Furthermore, the buffering action of 1,2-Bls- 
(2-aminophenoxy)eth8ne-N,N,N',N',-tetraac6tata (BAPTA) on 
veratrldlne-lnduced Increase 4n intracellular Ca^'*' levels neither 
blocked veratridine neurotoxicity in normal medium, nor atten- 
uated the low Na"*^ effect Bevated K"^ effectively blocked vera- 
tridine neurotoxicity in a Ca^'^-dependent manner. Cytoplasmic 
pH measurements using a fluorescent pH indicator demon- 
strated that cellular acidification (from pH 7.0 to pH 6.5) 
occurred upon treatment with veratridine. Both veratridlne-in- 
duced acidification and cell death were ameliorated by 5-(Ni- 
ethyi-N-i8opropyt)amlloride, the specifie Inhibitor of the f4a*/H* 
exchanger (ICw » Qe5 mM). Finally, necrosis occurred predom- 
inantly In veratridine neurotoxicity, but both staining with bis- 
benzimide and TUNEL analysis showed nuclear features of 
apoptosis in sympathetic neurons undergoing cell death. 
(9 2000 Elsevier Science Inc. 
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INTRODUCTION 

The generation of elecuical activity associated with the develop- 
ment of voltage-dependent Na"^ channels is a signal for neuronal 
differentiation and maturation [34) and is a key element in the 
reguiiition of neuronal survival and/or cell death [19.20). Pharma- 
cological intervention of presynaptic transmission [24 J or deaffer- 
entaiion [11] results in enhanced neuronal death in sympathetic 
ganglia during development. In contrast, veratridine or vcratrin, 
the activator of voltage-dependent Na* channels, promotes the 
survival of sympathetic neurons dissociated from the chicle embryo 



[5] or delays the cell death of rat sympathetic neurons following 
nerve growth factor (NGF) deprivation [36]. Upon maturation, 
neurons become vulnerable to hyperexcilability^ which often 
causes cell damage and death through the breakdown of cellular 
ion homeostasis in neurons from the central nervous system. Thus, 
veratridine induces the cell death of cortical neurons [22,25 J I], 
hippocampal neurons [3,26,28.29], and cerebellar granule neurons 
[4,8] in vitro. Veratridine neurotoxicity is ameliorated by tetrodo- 
toxin (TTX) or flunanzine, suggesting the involvement of voltage- 
dependent Na* channels [3,28,29]. There is evidence that the 
binding of veratridine to a specific site of voltage-dependent Na* 
channels allow not only Na*, but also Ca^ *" to enter into the 
cytoplasm through these channels in neuroblastoma cells [18]. 
Membrane depolarization through Na*^ entry via voltage-depen- 
dent Na* channels may activate voltage-dependent Ca^"*" chan- 
nels, which then allow the entry of extracellular Ca^"*" into the 
cytoplasm. Altematively. the Na'^/Ca^'*^ exchanger that maintains 
neuronal Ca^"*" homeosta.sis may operate in a reverse fashion under 
conditions where cytoplasmic Na* levels are elevated in the pres- 
ence of veratridine [28.29]. In any case, the massive influx of 
extracellular Ca^ *" is likely. During the last decade, the role of 
cytoplasmic calcium overload has been drawn a major focus of 
investigation as a possible cause of veratridine neurotoxicity as 
well as exciiotoxiciiy. The possibility of the direct involvement of 
Na"^, independently of Ca^"^, remains to be examined under var- 
ious pathological conditions, such as brain injury in ischemia or 
anoxia or other insults to the brain [9,10,15,22,27,3239]. We have 
examined the role of Na* in veratridine neurotoxicity in sympa- 
thetic neurons. 

Superior cervical ganglion (SCG) cells are dependent on NGF 
for survival, and their cell death has been extensively studied [19]. 
These neurons do not express glutamate receptors on their cell 
surface, thus allowing us to analyze the detailed mechanism of 
veratridine action without secondary cxciiotoxic effects. There is 
ample evidence from the sympathetic neurons suggesting that 
depolarizing signals may exert their effects on neuronal survival 
through a Ca^*** -dependent mechanism 120]. Chronic depolariza- 
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lion with elevated K*, which mimics scime itspects of naturally 
i)ccurring eJeclrica! aciiviiy, has proved lo support neuronal sur- 
vival via L-type Ca^-*" channels in a variciy of cell types 120). 
Measurements of intracellular free Ca=* levels (ICa" 10 m neu- 
rons loaded with fura.2. suggest the possibililv that jteiirona 
survival is associated with an optimal level of [Ca" )i and will not 
be maintained when the level goes beyond or below an opumal 
level 17,21). It is not known whether or not ihe acuvation ot 
voltage-dependent Na* channels affect cell survival and/or cell 
death in a similar manner. . 

Neuronal cell death is divided into two categones» apoptosis 
and necrosis primarily based on biochemical and morphological 
criteria including chromatin condensation and fragmentation oc- 
curred in neurons undergoing cell death. There is ample evidence 
suggesting that hypoxic-ischemic injury causes a mixed response 
of early necrosis and delayed cell death characterized by apoptosis 
161 Excitotoxiciiy due to overstimulation of glutamate receptors 
often causes necrosis associated with apoptasis under certain cir- 
cumstances [2,30,33]. Veratridine-induced cell death is reported to 
occur without DNA laddering in cerebellar granule neurons [8J. A 
number of factors, however, including the intensity of the insult, 
the cell type, and the developmental sUge of the neurons should be 
taken into consideration for distinguishing the mechanism of cell 
death. Although there is evidence that inu-acellular Na entry may 
potentiate hypoxic-ischemic cell death by causing cytotoxic cell 
edema, intracellular acidosis, and gating of Ca entry 11], the 
major pathway of cell death remains elusive. 

Here, we provide evidence that verauridine neurotoxicity occurs 
through Na-" overload and the subsequent involvement of th? 
Na^/H* exchanger that resulte in cytoplasmic acidification and 
eventually cell death in SCO neurons. Necrotic cell death was 
predominant, but apoptolic features of cell death were also ob- 
served in SCO neurons undergoing cell death. 

MATERIALS AND METHODS 



Cell Culture 

Dissociated SCO neurons were prepared from newborn Spra- 
gue-Dawley rats as described previously [35,36]. Briefly^, dis- 
sected ganglia were treated with 1 .0 mg/ml collagenase at 3TC for 
60 min, washed, and then suspended in Eagle's minimum essential 
medium (MEM; GIBCO BRL Grand Island, NY, USA) supple- 
mented with 10% fetal bovine senim (FBS; JRH Biosciences, 
Lenexa, KS, USA). The ganglia were triturated, and the cell 
suspension was filtered through a nylon mesh. The dissociated 
neurons were plated onto a center area of collagen-coated plastic 
plates (48-well dish, 0.2 ganglia/well) for cytological and drag 
experiments or onto glass coverslips (12 mm diameter or 25 mm 
diameter, 0.17 mm thickness, 0.2 gangUa/plate) for immunohisto- 
chemical or fluorescence imaging experiments. The neurons were 
grown in a fresh 10% FBS/MEM medium supplemented with 50 
ng/mi NGF for 6-7 days at 36.5°C in a humidified atmosphere of 
5% CO2/ 95% air. Fluorpdeoxyuridine (15 ^) was added to- 
gether with 15 fi.M uridiiie to the feeding medium to suppress the 
growth of t.on-neuronal cells. 

Evaluation of Cell Death of Cultured SCG Neurons 

SCG neurons having been exposed to NGF for 6-7 days were 
further incubated for 15-24 h in the medium supplemented with 
NGF in the absence or presence of the indicated concentrations of 
veratridine. The viability of these neurons was evaluated by dye 
extrusion with 0.2% trypan blue [36] or by measurements of 
adenylate kinase released into the medium [20]. Both methods 
gave essentially the same results. Only the data obtained from the 



dye cxtrusitjn method are prcscnicd. Control and dnig-tteaicd 
neurons were incubuied ul 36.5'^C for I h by adding an equa 
amount (0,2 ml lor 48 wells) of i)A% trypan blue in 0.12 M 
Na*-phosphalc bulTcr, pH 7.2. The neurons were then wajjcd 
once with Dulbccco and Vogt's phosphate buffered saline PBS) 
pH 7 2 followed by fixation with 4% paratormaldehydc (PFA)/ 
0 12 M Na" -phosphate buffer. Neurtmal death is shown as a i^rceni- 
age of the number of trypan bluc-staincd neurons out of the total 
neurons counted per area (center of each well. 0.65 mm X 0.45 mm. 
more than 500 cells). Each point represents an average of values t 
SEM obtained th>m three different wells. Experiments were per- 
fonned at least three times, and representaUve results are shown. 

When neces.sary, the concentration of Na* was replaced with 
142 mM N-methyl-D-glucamine instead of NaCl. In the case of the 
Ca^*.free medium, the serum was extensively dialy/ed against 
Ca*'*"-free MEM for 3 days. The neurons were washed twice with 
this Ca^*-frec medium containing 10% dialyzed senim and 0.2 
mM EGTA prior to testing the effect of veratndine m the Ca- 
free medium. The neurons were viable for at least 3 days in this 
Ca-*-frce medium in the presence of NGF. 

Measurements of Intercellular Free Ci^^ (IC<^'']ih Na" 
(INa-^lih or H^ipH) 

Huorescence <::a=^* Imaging (Hamamatsu Photonics ARGUS. 
50) was employed for mea.suremenls of [Ca^ li vels of fura-. 
2-AM loaded neurons as described in detail previously [21], except 
that the neurons were loaded with 2/xM fura.2-AM for I h. 
Fluorescence measurements were performed on single neurons and 
small aggregates to collect fluorescence signals trom individual 
neurons in HEPES saline, pH 7.2, maintained lU 32-34 C A 
calcium calibration buffer kit r from Molecular Probes, Inc. (Eu- 
gene, OR, USA) was used for the conversion f^om the^ measured 
values of fluorescence ratios to the concentrations of Ca [21,381. 
The levels of [Na*li were mca.sured similarly by "se of the 
Na^-sensilive dye, sodium-binding benzofuran isophthal^c- 
aceuymethyl ester (SBFl-AM) [16,36], The neurons were loaded 
with 10 aM SBFI-AM for 2 h in 10% FBS/MEM supplemented 
with Pluronic F.127 [161. Calibration of the fluorew^nce ratio 
(340/380) in terms of [Na" ]i was done in situ by applying 2 /tM 
gramicidin D, 0.5 ^M monensin, and 5 ^tM mgcncin to the 
neurons as described [16,36). * . 

SCG neurons were loaded with 2ftM 2,7-bis-(2<art)oxyethy0- 
5.(and-6)-cart)oxymuorescein acetoxymethylester (BCECF-AM,. 
Doiindo) for 1 h, and then cytoplasmic pH were measured in 
HEPES saline, pH 7.2 in the presence of 26 mM sodium bicar- 
bonate. Calibration of the fluorescence ratio (490/450mto pH^^^ 
done in situ by exposing the neurons to »5 mM HEI^ti^ 
buffer with various pHs containing 130 mM KCl, 1 mM MgClj in 
the presence of 5 /xM nigericin [37]. 



Detection of DNA Fragmentation 

TheTUNEL assay was performed using Boehringer Mannheim 
kit according to the manufacuirer's priKedure, except the trfatmeni 
with the primary antibody for 1 h ^f™?^;;^!^^^ 
were also stained with 1 /xM tis-benzimide (Hoechst 33258. waxo 
Biochemicals, Tokyo, Japan) in PBS for 15 min, and then visu^- 
ized under UV illumination (Nikon Diapholo 300). Apoptotic 
nuclei were identified as those with chromatin formation of <l;s- 
Crete chromatin clumps for bis-benamide-staining and those wiui 
stained with the TUNEL, The results are shown as a P^f^^entage or 
the number of neurons stained with bis-benzimide.or the TUJNiy- 
out of that of total neurons (more than 300 cells/well), and is iw 
mean ± SEM (n = 3). Experiments were performed Uiree umes, 
and representative results are shown. 
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rivtismission Electron Microscopy 

SCO neurons grown in coUagen-coated 35-mm P'f i<= d'*« 
.Jm with 2.5% glutaraldehyde in PBS. and then stained with 

.ON A fomentation or with nomrnl Ctapmatin we« .denuM 
'marking the area of plastic plates to^Avhich >he identih^ 
nUrns were attached. The neurons were then post-fixed w«h 1% 
n muTr^ 7ZoZt. Thty were dehydrated through a graded alco- 
?; cries aTemb^^^ in Epon 812. Ultra-thin sections of the 
regions were cut on a Reihert-Nissei ultra cut microtome 
th a diamond Icnife and then stained with uranyl «d^ 
citrate. The sections were examined under a Nihondensh. electron 
microscope. 

\ttiterials 

Mouse NGF (2.5 S) was isolated from male adult mouse 
...bmaxiUan^ glands as described 1211. Alpha-scorpion Wx.A 
sS) w^a gift of Dr. Miyake. Hokkaido UnivexsUy Tetrodo- 
toSrrX) aid benzamil were purchased from ICN B.ochemi- 
^U lnc (Irvine, CA. USA) and S-N-eihyl-N-isopropyl-arn.londe 
Ie^I) wS:^ RBI (Natick. MA. USA). Veratridine and fluna- 
ri/hK were obtained from Sigma Chemical Company (St- Lou's. 
. MO US^) Fura.2.AM, SBR-AM. BCECF-AM. 1.2-b«(2- 
li;ophenoxy)-ethane-NJ<J4'Jl'-tetraacetateacetoraethox^^^ 
^BaX-AM) and Pluronic F.127 were obtained f«>m ^olead^ 
l^bes. Inc. or from Dojindo Chemicals Co. Ltd (Kumamoto. 
Japan). All other reagents were of reagent quality. 

RESULTS 

V,frairidUie Induces Cett Death in Rat Sympathetic Neurons 
In vitro 



SCO cells dissociated from newborn rat pups were grown for 
6-7 days in the presence of NGF. Using the failure to exclude 
trypan blue as a criterion for cell death, we found *»« 
Ibe voltage-dependent Na* channel activator, exerted its toxi«V 
in a dose-dependent manner (half-maximal neurotoxicity occuned . 
at 2uM) to these mature neurons with somatic ^hypertrophy MiO 
«,e!lsi>« neurites (Rgs. 1A,B. Rg. 2). Hgure 
bema became dark and shrunken under the phase-contrast micro- 
scope and neurites were completely fragmented. p>e «»^«« 
of 1 uM TTX completely rescued the neurons from «ll death, 
suggi^ng that veratridine neurotoxicity occurred {h^yshjo'^se- 
SSI^den? Na* channels (Rg. IC. Rg. 2). It should be n«ed^ 
however, that such specificity was lost with concentr^t ons of 
vemSe >20^M un^ our conditions (Rg. 2). In the following 
experiments, we employed 5-10 i*M veratridine in order to main- 
tain the specificity of action. 

Measurements ofUyels of [Na*]i and lCa'*]l in CuUured 
VCC Neurons in Response to Veratridine 

The binding of veratridine to a specific site in voltage-depeD- 
dent Na* channels enhances their open state probability. It is well 
known that higher concentrations of veratridine indiice an increase 
of not only Na* but also O?* influx;.JhK>ugh '» »)«i»*n«» 
vohage-dependent Na* channels in neuroblastoma cells [18J. SCU 
neurons incubated for 6-7 days in the presence of NOP were 
loaded with SBFI-AM or fura-2-AM, and the effects of veratndme 
on the levels of [Na*)i or ia'*]i. respectively, were examined. 
Figure 3B shows that treatment with 10 uM veratndme rewlted in 
a sustained increase in cytoplasmic Cfl-*; treatment ^* • ^ 
TTX prior to veratridine application completely elmunated mis 
response (Rg. 3C). In contrast. lNa*li levels of veratridlnHreattd 



neurons gradually increased (Rg. 3D); the basal value of INa 1. 
Ti^ll mM) increased to 40 ± 22 mM when neurons were 
treated with 10 fiM veratridine for 60 mm (mean ± SD. n - 28. 
Student's /-test, p < O.dOS). ^enttridine-induced maM« 
INa'li was completely suppressed by the presence of TTX ( ttM . 
Rg 3E). Veiatridine-induced increase in (Na*li wa.s also blocked 
by flunaririne (I iM) (data not shown) which also suPP««*^ 
verartdine newotoxicity (half-maximal effect occurred at 025 

level of lNa;j 

Srveratridine con^tmtion shown in the inset of Rg. 2 ind.caM* 
BC^™ 3 pM, which roughly coincides with that of neuronal cell 
death (ECm - 2 »tM in Rg. 2). . 

Alpha-J^ »xin (ScTx) U also known to stimulate the 
inflffit of ^ta^ neurotoxic in cerebellar granule neurons [81. We 
foS lt this toxin was not toxic in SCO «"rons at the con«n- 
trations examined (up to 5 (J«/ml). However. ScTX (I Aig/ml) 
SS^The toxiciV of vermridine at 3 when appl^ m 
^bination (150 ± 9% (« - 3) com,«red » 100* at 3 ^ 
veratridine alone). ScTX is known to only prolong «non poten- 
titu by slowing down the inactivation that occurs without mod.- 
Sg ^ting nLibnme potentials. It is likely that this d.ff«en«. 
Xts the difference 6f fte mode of action of tiiese two agents. 

Involvement of the Na*-Of* ^'^^'Tf'^^^ 
Sustained Levels oflCa'*]i in Cultured SCO Neurons in 
Response to Veratridine 

Tbt sustained increase in lCa^;ii in «»P°"f '^r-^^ 
shown in Rg. 33 suggests that voltage-dependent a channels 
7^k*L^* cxdLger or bod. is involved in this phenome- 
L For this purpose, we have employed nifedipine, an 'nh bitor 
^oSLe.dey«.t Ca- channels 

Na*-Ca^* exchanger, "nius. sustaiiied levels of [Ca )i of the 
TOuions were measured following verartd^ne treatment fo 1 h 
^ve to die peak levels: 0.791 ± 0.027 (d« mean ± SD; n = 
Sforconirol!a548 ± 0.041 (n = 16) for benzarnil (W pM>- 
neuron^ and 0.754 ± 0.063 (« - 16) for nifedipine (10 
SSSneirons. Tl«se resulu show that d« s"^'a««^.^;^'^^ 
Swndy lower in neurons with benzamil. an inhibitor of 
S^Sa^S* exchanger comparedto untreated controKSm^^^^ 
f-iesL D < 0.05). but remain unaltered in neurons with nifedipine. 
SU of ^Itage-dependentCa- dhannels. F-nhe^or^- 
have addressed the question as to whedier or not the Na -Ca 
«changer (unctions in these neurons. The activity was j^vaUiattd 
by roesLring an increase in [0?tJx by reversal of the Na -Ca 
2^<C^Ae neurons loaded with fura-2 were incubated for 60 
mS^* »24 ouabain, and U«ir la^^Hevek were measured 
Tci^^-free Na* HEPES saline or . 
was replaced by N-methyl glucamine (NMG ))• pH 7-2 at 32 
34«C. Tte ratio (F,4o-««'.'.8Q was monitored for 15 .n.n foU 
towi^ addition of uSm C^* . and its increases were calculated 
STnKin Na* or NMG*(Na* free) saUne. RATIO is defined 
K a ^0 of the two values (ratio increase in NMG* saline/raiio 
I^rease in Na"* sali,«). RATIO - I. ^J^^^^^l 
activity is detectable. The activity was indeed detected (RATIO 
4 95 ± 1 J5 (« - 46) compared to that in the presence of the 
inh«)iton 1.00 ± 0.51 (n = 36):p < O.OOl). Hus r«ut shows th^ 
Sexd^ger «:tivity but ..ot voltage-dependent Ca^* ctanwls^ 
telfkeirto be involved in maintaining the sustamed levels of 
[C8**]i in response to veratridine at SCG neurons. 



Veratridine Neurotoacity was Dependent on Na* Influx 
Through Voltage-Dependent Na* Channels 

Measurements of (Na*)i and [Ca^^li in veratri<lin^^ed 
SCG neurons suggest that veratridine neurotoxicity is essentially 
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FIG. 1 . Phase-conirasl phoiomicmgraphs showing vcramdine neurotoxicity in cultured .superior cervical ganglion (SCG) 
neurons under various conditions. SCG neurons having grown in the presence of nerve growth factor (NGF) for 6-7 days 
were incubated for a further 24 h in the presence of NGF under various conditions and photographed. During this period, 
the neurons were exposed to 10 >iM veratridine (B, C, Er F. H. I). Vcratridinc-lreatcd neurons (B) became dark under 
pliasc-contrast micro.scope, and neurites were completely disintegrated compared to the control culture (A). The veratridine 
neurotoxicity was completely abolished by the presence of tcu-odoioxin (TTX: I pJ^. C), Veratridine neurotoxicity was 
ailso examined in Ca**-free (E, F), or a low Na* (36 mM; H, I) medium in the presence of TTX (F, I) or in its ab.sencc 
(E, H). (D) and (C) show control neurons in the presence of NGF in Ca^"^-free medium or a low Na* medium. rcsDcciivcIv 
Scale bar. 25 nm. . . 



due to cither Na"*" influx, Ca"* influx, or both. When SCG neurons 
were treated with 10 veratridine in a Ca^'^-free medium 
(Ca^ * -free MEM supplemented with 10% PBS dialyxed against 
Ca- ""-free MEM and 0.2 mM EGTA), veratridine neurotoxicity 



occurred as in normal medium (Fig. IE, Fig, 4). In contra>i, 
veratridine neurotoxicity was abolished in a low Na medium (36 
mM) in which Na"" was replaced with N-meihyl glucamine (Figs. 
IH, 4, 5). suggesting thai its neurotoxicity was due to Na" influx. 
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FIG. 2, Dose-response curve for veratridine neurotoxicity in sympaiheiic neurons in vitro. Cultured 
sympathetic neurons were exposed to various concentrations of veratridine (0. 1-80 /tM) for 24 h in 
the presence (•) or absence (O) of ictrodotoxin (TVX). Please note that protection of veratridine 
neurotoxicity by I litA TTX was lost at concentrations >20 /iM, The inset indicates a dose-response 
curve showing the level of [Na* )i as a function of veratridine; Sympathetic neurons ( I week in vitro) 
loaded with SBR-AM were exposed to 7.5 /iM veratridine for 60 min, and then their intracellular 
Na^ levels were measured as described. Mean ^ SD. 



but not 10 Ca^"^ influx. Figure 5 shows a dose-response curve of 
veratridine neurotoxicity as a function of extracellular Na*. Figure 
IH also shows that the cell soma remained intact at 36 mM 
extracellular Na"*", but the neuriies were still fragmented, suggest- 
ing that soma and neurites may have a different set-point for Na'*^ 
a-jurotoxicity. TTX reversed veratridine neurotoxicity to both cell 
vima and neurites (Fig. IH). Benzamil (25 /jlM) [16]. acting as a 
potent Na*-channel».inhibitor at this concentration, abolished ve- 
ratridine neurotoxicity, but the L-lype Ca^"*" channel blockers, 
nimodipine (2 /llM) and nifedipine (4 /llM), did not attenuate the 
toxicity (data not shown), being consistent with the fact that this 
blocker (nifedipine) did not attenuate the sustained levels of 
[Ca^^li as described. These findings suggest that veratridine neu- 
rotoxicity to SCG neurons depends primarily on Na**" influx via the 
activation of voltage-dependent Na"*" channels. 

buffering Action cfBAPTA-AM on the Sustained Increase in 
fCa^* }i Levels Did Not Attenuate Veratridine Neurotoxicity in 

sec Neurons 

BAFTA-AM has been used as an effective chelator of changes 
in [Ca^'*'li levels. We have previously shown that prior treatment 
of SCG neurons with 10-50 BAFTA-AM resulted in impair- 
ment of membrane depolarization-induced increase in [Ca^*^]! and 
elevated K"^-mediated rescue of these neurons from NGF depri- 
vation-induced cell death [20|21]. SCG neurons in normal medium 
were treated with various concentrations of BAFTA-AM for 30 
min, then veratridine was added and incubated for a further 10 h. 
The neurons treated widi 50 >M BAFT A alone died upon longer 
ixcubation periods. Figure 6 shows that veratridine is toxic even in 
the presence of 50 isM BAFTA-AM. In the presence of 50 fxM 



BAFTA, 70-80% of the sustained levels of ICa^*]i were elimi- 
nated. Similarly, effects of chelation of inu-acellular Ca^"^ with 
BAFTA-AM was also examined for the low Na* effect Figure 6 
shows that veratridine neurotoxicity was suppressed in the low 
Na*^ medium even in the presence of BAFTA-AM, although 
BAFTA treatment alone became slightly toxic under these condi- 
tions. 

Elevated Abolished Veratridine Neurotoxicity in SCG 
Neurons 

SCXj neurons underwent shrinkage in response to veratridine 
under our conditions even though Na**" overioad occurred, sug- 
gesting the presence of a mechanism by which osmotic changes 
due to an overload of either Na* influx, Ca^"*", or both may be 
eventually compensated. Figure 5 shows diat veratridine neurotox- 
icity was diminished in a dose-dependent manner as a function of 
exu^cellular K*; and both cell soma and neurites were intact at 75 
mM K*. Measurements of [Na*]i levels revealed that the verau-i- 
dine-induced increase in [Na**"!! was completely suppressed under 
depolarizing conditions with 75 mM K*; the level of [Na'^li under 
these conditions was 4.2 ± 2.0 mM (n ~ 28) even after U^tment 
with veratridine for 20 min. It is thus likely that the 

veratridine-induced influx of Na"^ or Ca^"^ may occur in conjunc- 
tion with the efflux of K* and possibly water. The inhibitors of K"*" 
channels, apamin (5 ftM) and quinine (50-100 yM), were found 
to partially block veratridine neurotoxicity. For example, when the 
cells were treated v^th veratridine in the presence of 5 /ttM apamin 
for 24 h, 37.6 i 4.0% (n 3) of the cells were stained with trypan 
blue, whereas 67.0 ± 3.2% (n = 3) of them were dead in the 
absence of this blocker (p < 0.05). Figure 7 shows that Ca^*-free 
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RG. 3. Veramdine-induccd increa.se in intracellular Ca^* and Na* levels of .wmpathciic 
neurons. SympalheUc neurons (Iweek in vitro) loaded with fun»-2-AM were exposed to 
lO/iM vcratridme and their iniracellular Ca^* levels w^ere monitored (Trace A: baseline- 
Traw B: veraindine). F^uonn/FjHOnn, of 7 single neurons were monitored simultaneously 
for 30 mm m response to veraindine (B). When tetrodoioxin (TTX; I/nM) was applied 
pnor 10 vcramdine treatment the sustained increase in lCa2*]i was completely eliminated 
Uracc C) Other set of neurons loaded wiih sodium-binding benzofuran tsophthalaic- 
accjxymethyl ester (SBR-AM) were exposed to 10 veniiridine and their intracellular 

^L^^'t^nT^^ ^' ^»^^«'ridinc:Trace E: veratridine in the 

presence of TTX (1^)). 



elevated-K medium or BAPTA-AM. an intracellular Ca^^ che- 
;Iator, significantly impaired the toxicity-suppressing effect of ele- 
vated K , suggesting that cytoplasmic Ca** is essential for the 
depolanration-mediated rescue of veratridine-treatcd neurons 
from cell death. 

Acidosis May Be a Major Pathway of Veratridine Neurotoxicity 
in SCG Neurons 

As shown in Figs. I and 4. extracellular Ca^^ is not required 
for veratndine neurotoxicity, suggesting thai the reverse op^on 



of the Na*/Ca-* exchanger under depolarizing conditions is un- 
likely to play a T^ajor role in veratridine neurotoxicity in SCG 
neurons. A collap.se of the sodium gradient is also lUcely to result 
in cytoplasmic acidificauon. We moved on to examine the role of 
the Na"^/H* exchanger in veratridine neurotoxicity. SCG neurons 
were labeled with BCECF-AM, a fluorescence pH indicator, and 
their cytoplasmic pH was monitored using a fluorescence imaging 
apparatus. Figure 83 shows the time course of pH decrease upon 
veratridine treatment. Upon treatment with veratridine for 6 h. the 
cytoplasmic pH remained low (pH 6.48 ± 0.73 (the mean ± SD, 
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' ;Ci. 4. tfrccis of cxtraceiiular Ca'"* and Na' on vcratriclinc neurotoxicity. 
Svm pathetic neurons (1 week in vitro) were treated with 10 veratridine 
lur 24 h in normal (three left colunnns), a low Na* (36 mM; three middle 
columns), or Ca"*^-free (three right columns) medium in the presence of 
icirodotoxin (TTX) (+TTX) or in its absence, and then neuronal survival 
was measured. Mean i in = 3). 



» = 107) compared to the normal pH 7.00 ± 0.30 (/i « 76; p < 
0.005)). A shown in Fig. 8C, EIPA suppressed the veratridine- 
induced decrease in pH. Under these condidons, EIPA (IpiM) had 
{loeffects on the vcralridine-induced influx of Na* or Ca** (data 
not shown). 
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FIG. 6. Effects of the sustained tncrea.se in intracellular Ca^*^ on veratridine 
neurotoxicity. Sympathetic neurons (I week in vitro) were treated with 0, 
10, 25. and 50 /jUVI l,2-bi.s(2-aminophenoxy)-ethanepN.N,N',N'-tetraac> 
etate acetomethoxyester <BAPTA-AM) for 30 min prior to exi)osure to 10 
IJiM veratridine for 10 h in normal medium (□). The neurons suiined with 
uypan blue in the presence of 50 /xM BAPTA alone for 10 h were 1 1 3.5% 
(tt =■ 3). The neurons in a low Na"*" (36 mM) were also- exposed to 0. 10, 
25. and SO^ BAPTA-AM for 30 min, and then left untreated (■) or 
U^ted with iO puM veratridine for 15 h (S). Neuronal survival wa.s then 
measured as described. Veratridine neurotoxicity in the low Na"^ medium 
was suppres.sed in the presence of BAPTA-AM, although BAPTA treat- 
ment alone became slighdy toxic under these conditions. Mean ± SEM 
(fl = 3). 
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FIG. 5. Dose-response curves of extracellular K* and Na* for veratridine 
neurotoxicity in sympathetic neurons in vitro. Cultured sympathetic neu- 
rons were exposed to !0 jllM veratridine for 24 h in medium containing 
various concentrations of Na"^ by being replaced with an equal annount of 
N-methyl-D-glucaminc. and then neurotoxicity was measured. The effect 
of extracellular K"^ was also examined similariy by adding various con- 
ventrations of KCl to normal medium in the presence of verauidine. 
Mean ± SEM (/i = 3). 



In accordance with the results of the pH measurements, vera- 
tridine neurotoxicity was significantly attenuated by EIPA in a 
dose-dependent foshion (IC<fo = 0.5 fsM; Rg. 9). These findings 
suggest that hla*^ overload results in a mild cytoplasmic acidifica- 
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FIG. 7. Effects of Ca^* on elevatcd-K'^ mediated suppression of veratri- 
dine-induced neuronal death. Cultured sympathetic neurons were exposed 
to 10 fxM veratridine (filled columns) for 24 h in normal (conuoi). an 
elevated K* (73 mM; high K*). or Ca^"*-frec (Ca^*-free)» or a medium 
containing 25 ^ I,2-bis(2-aminophenoxy)-eduuie-N.N.N'>l'-ietraac- 
etate acetomethoxyester (BAPTA-AM). and then neurotoxicity was mea* 
sured. Mean ± SEM (n = 3). 
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FIG. 8. Time course of pH changes in response to vcratridine. Culiured sympathetic ncumns were exposed lo 10 fiM veatridine in the 
absence (A) or presence (C) of I 5-N-elhyl-N-isopropyUamiloride (EIPA), the specific inhibitor of the Na^/H* exchanger. Py^tatJ 
^wonm of five single neurons were monitored simultaneously fur 500 s. B represents the base line. 



tion due to the Na'^/H* exchanger and plays a inajor role in the 
mechai^ism by which veratridine exerts neurotoxicity in these 
neurons. 

Veratridine Exerts its Neurotoxicity Through Both Apoptotic and 
Necrotic Pathways 

We have moved on to exannine the mechanism of neuronal 
death caused by an excessive influx of Na"*" in SCG neurons. When 
veratridine-lreated neutrons were stained with bis-benzimide, 8.5 ± 
2^% (n = 3) of them exhibited fragmented nuclei, the classical 
hallmark of apoptosis, whereas 1 .6 ± 0.4 % (n = 3) were positive 
in untreated cells (Rg. 10). Fragmented nuclei were also counted 
for these neurons undergoing cell death following NGF depriva- 
tion as a classical reference for opoptosis in these neurons. In these 



experiments^ we only counted the number of fragmented nuclei, 
but veratridine caused a rapid altcnition of the nuclei from normal 
to putch-like structures when stained with bis-benzimide 2 h after 
veratridine treatment suggesting the ion influx also altered the 
chromatin structure of the.se neurons. We have also assessed the 
neurons with the TUNEU In response to veratridine (10 fiM for 
15 h). 10.8 ± 1^ % (n = 3) of the cells showed apoptotic nuclei, 
whereas only 2.66 ± 1.70 % (n = 3) of the cells were TUNEL- 
positive in control cells. Moreover, we have carried out combined 
bis-benzimide and EM examinations. The neurons undergoing 
chromatin fragmentation detected by bis-benzimide were identi- 
fied and examined by electron microscopy. Figure 1 1 shows an 
example of one neuron undergoing cell death in the presence of 10 
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FIG. 9. Dose-rBSpon.se curve showing that 5-N-cthyl-N-lsopropyl-aniilo- 
ride (EIPA). the specific inhibitor of the Na" /H* exchanger, suppresses 
verauidine neurotoxicity in sympathetic neurons in vitro. Cultured sym- 
pathetic neurons were exposed lo various concentrations of EIPA (0.0 1- 10 
for 24 h in the presence of 10 ^ veratridine. and then neuronal 
survival was measured. Mean ± SEM (n « 3). 




control . veratridine NQFWlthdnsiwal 

FIG. 10. Apoptotic nature of vcratridine-induced cell death in cultured 
superior cervical ganglion (SCG) neurons. The neurons were treated with 
10 fiM venuridine for IS h, and then Hxed with 4% paraformaldehyde. 
Fragmented nuclei were counted for untreated and vcratridine-treatcd 
neurons as described in the Materials and Method.s. Bis-benzimide staining 
was also made for these neurons undergoing cell death following nerve 
growth factor (NGF) deprivation for 1 8 h as a classical model for apopiosis 
in dwsc neurons. Student's f-iesi, */> < 0.05; ••p < 0.01. 
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RG. 11. Electron photomicrograph showing that apoptosis occurs in veratridine neurotoxicity in cultured superior 
cervical ganglion neurons. The bis-benzimtde-positive neurons were identified by marking the area of pla.stic plates to 
which ideniiiied neurons were attached and photographed and were then post-fixed with 1% osmium tctra oxide and 
embedded in Epon 8 1 2. identified regions were cut, stained, and examined. Please note that autophagic vacuoles and 
clear vesicles along with nuclear features of apoptosis are seen. Scale ban t lun. 



/iM verdlridine for 18 h (we have tested more than 10 cells). The 
cytoplasm of this neuron was dark and shrunken significantly with 
clear signs of nuclear condensation and fragmentation (Fig. 1 1). 
Moreover, this nuclear change is associated with extensive forma- 
tion of clear vesicles and auiophasic vacuoles in its cytoplasm, 
while mitochondria remained intact, demonstrating strong evi- 
dence for apoptosis (Fig. 1 1 ). These findings for the identified 
neurons confirmed that bis-benzimide positive neurons arc in deed 
upoptotic ba.sed on EM criteria. These expcnmcnt.s unequivocally 
demonstrate tiiat apoptotic pathway, although minor, occurred in 
SCO neurons in response to veratridine. 

DISCUSSION 

Veratridine, the activator of voltage-dependent Na channels, 
is known to cause both Na *" and Ca-"^ influxes into the cytoplasm 
through Na^ channels in neuroblastoma cells [18]. Veratridine 
neurotoxicity, however, was due to the influx of Na"*^; a mediunrt 
low in Na*^ completely abolished iLs neurotoxicity, while a Ca- 
fice medium did not attenuate its neurotoxicity. TOs suggests that 
in contrast to hippocampal neurons, the reverse operation of the 
Na^ /Ca-^ exchanger under depolarizing conditions is unlikely to 
play a major role in veratridine neurotoxicity in SCO neurons. 
Thus, the veratridine-mediated collapse of the sodium gradient 
may be Hkcly to result in cytoplasmic acidification due to Na^/H " 
exchangers as a possible mechanism of cell death. Indeed, there is 
evidence that the Na*/H* exchanger has a pivoui role in regu- 
lating cytoplasmic pH in SCG neurons[37]. We have offered here 
evidence supporting this .scenario by mea.suring cellular pil by 
fluorescent imaging, as well as by the use of its inhibitor EIPA, a 
ilcrivalive of amiloride [13). 

Neurons regulate their cytoplasmic pH through a variety of ion 
transport mechanisms including Na transporters, ATP-driven 



pumps, and several bicarbonate exchangers [1,17,39]. The 
Na'^^/H*^ exchanger is inoperative at neutral pH, but has a high 
affinity for H at pH 6, so that any excess H"*^ which is generated is 
extruded by the exchanger driven by an inward-directed Na'^ 
gradient under normal conditions. There is indeed evidence that 
the Na'^/H'*' exchangers are known to play a major role in regu- 
lating cytoplasmic pH in SCG jieurons [3.7]. Under conditions of a 
normal electrochemical gradient, the Nemst equation calculates 
that complete inhibition of pH regulation will cause the pH to drop 
1 pH unit. The cytoplasmic acidification ob.servcd in theses studies 
is below this theoretical prediction. However, it may be sufficient 
for disruption of the biosynthetic protein traffic pathway in the 
cells which uliliTies the H* gradient between the cytoplasm and the 
transport organelle. 

Growth factors are known to stimulate DNA synthesis and cell 
proliferation by altering cytoplasmic pH. Conversely, withdrawal 
of growth factors or inierleukins result in cellular acidification, 
which is often associated with apoptosis [12,23]. It is postulated 
that cellular acidification may activate Ca^ *^ -independent DNases 
which yield fragmented DNA as detected by gel elecUDphoresis. 
DNA fragmentation is a hallmark of apoptosis. Alternatively, 
cellular acidification alters the phosphorylational states of cellular 
components, thus nrKxlifying the chromatin structure or ion pumps. 
It has been thus proposed that alteration in the set-point of the 
Na'*^/H* antiport, possibly as a result of its dephosphorylation, is 
involved in cellular acidification in the apoptotic pathway. Al- 
though cytoplasmic acidification is not a prerequisite for cell death, 
it is often an early event of apoptosis [23J. 

Both in situ endolabeling and EM observations demonstrate 
that both apoptosis and necrosis occur upon treatment with vera- 
tridine in SCG neui-ons. In addition, there are neurons that exhibit 
a mixed form of cell death. This also happens in glutamate-induced 
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nciirnnal dcalh in conical ncua>ns. Under conditions where low 
ctmceniralions of N-incihyl-D-aspanaic arc exposed u> ihcsc neu- 
rons, only a mild and delayed form of cell dcaih occurs predom- 
inantly characterized by apoplosis. while intense exposure of 
higher concentrations of glulamalc causes necrotic cell damage 
characieri/cd by acute swelling and lysis, ihus forming a spectrum 
from necrosis and apoplosis 1301. 

Ttic ptissibilily that Na overload may cause cell death via an 
ulicrnale mechanism, however, remains undetermined. For exam- 
ple, there is evidence that Na* inHux may alter the intracellular 
signaling system, including stimulation of the formation of inositol 
phosphates in neun>ns(l4i. Thus, it is possible that a Na*' influx 
increases ihe release of arachidoic acid and/or the production of 
oxidative products to damage vcratridine-ireated neurons, thus 
leading to cell death through this particular mechanism. 

We have here offered evidence that veratridine, the voltage- 
dependent Na* channel activator, promotes both apopiotic and 
necrotic cell death in cultured sympathetic neurons. Veralridine' 
neurotoxicity was due to the influx of Na*; a low Na* medium 
' completely abolished iis neurotoxicity, while a Ca^*-free medtum' 
did not attenuate its neurotoxicity. Furthermore, the buffering 
action of BAPTA on veratridine-induced increase in intracellular 
Ca-* levels neither blocked veratridinc neurotoxicity in normal 
medium, nor attenuated the low K* effect. Cytoplasmic pH mea- 
surements using a fluorescent pH indicator demonstrated that 
cellular acidification (from pH 7.0 to pH 6.5) occurred iipon 
treatment with veratridine. Both veratridine-induced acidification 
and cell death were amelioraied by EIPA. the specific inhibitor of 
the Na*/H* exchanger (ICso = 0.5 /iM) sugge.sting that Na* 
overload, independently of Ca^*, plays a role in veralridine neu- 
rotoxicity in SCG neurons. 
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